We found that multi-periodic low-mass stars discovered by Kepler K2 in the Upper Scorpius association are close binaries with typical separations of the order of 10 au and large mass ratios. These stars were surveyed by speckle interferometry at the SOAR telescope with spatial resolution of 0.
INTRODUCTION
As stars condense from gas, the excess of angular momentum is removed by a combination of mechanisms. Rotation and multiplicity of young stars reflect the result of this complex, still poorly understood process where disks play a major role. This is the context of the present work.
The Kepler K2 campaigns furnished massive amounts of high-quality photometry of several young stellar clusters and associations, bringing statistical studies of stellar rotation to a new level. Rebull et al. (2018) (hereafter RSC18) found that about 20% of low-mass stars in the Pleiades and Praesepe clusters and in the Upper Scorpius (USco) association have two or more photometric periods. They interpreted this as different rotation periods of comparable-brightness components in unresolved binaries. The location of multi-periodic stars on the color-magnitude diagrams (CMDs) supports this interpretation. However, Rebull et al. note that multiple periods can result from other phenomena such as differential rotation; they believe that low-mass multiperiodic stars are predominantly binaries, while some multi-periodic stars of higher mass are not binary. On the other hand, a binary with a large magnitude difference or an inactive component may have only one photometric period. So, not all binaries are multi-periodic and not all multi-periodic stars are binary.
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Identification of most low-mass multi-periodic stars with binaries still lacks a direct proof. Moreover, the separations of those hypothetical binaries remain unknown. Binary separation impacts the size and survival of the circumstellar disks which influence the rotation. Stauffer et al. (2018) determined that young lowmass multi-periodic stars rotate, on average, faster than single-stars, and related this finding to the different disk properties in single and multiple stars.
We observed 129 multi-periodic stars in USco from Table 1 of RSC18 by speckle interferometry and spatially resolved 70 of them. This supports the proposed interpretation of low-mass multi-periodic stars as being mostly binaries and provides the distribution of their separations. Most resolved binaries have components of similar brightness, but we cannot tell to what extent this reflects the distribution of the mass ratios because our sample favors near-equal binaries.
The observations are presented in Section 2, their results are given in Section 3 and are discussed in Section 4.
OBSERVATIONS

Instrument and data
We used the high-resolution camera (HRCam) on the 4.1 m Southern Astrophysical Research Telescope (SOAR) located at Cerro Pachón in Chile. The detector in HRCam has been recently replaced by a better camera, gaining at least one magnitude in sensitivity. The instrument, observing procedure, and data reduction are covered in (Tokovinin 2018) ; see recent results and references in ).
This project did not have regular time allocation at SOAR. However, we observed these targets on 2018 April 2 for two hours while working with HRCam on another project. Our goal was to evaluate quickly the feasibility of this study. Surprisingly, we could cover 52 targets and resolved 2/3 of them. This provided a strong stimulus to continue. Another two hours were devoted to this work on 2018 May 26, enlarging the observed sample. The third and last observing run on 2018 June 25 used two hours of engineering time.
The alt-azimuth mount of SOAR prevents observations close to the zenith. So, the USco region (declination ∼ −25
• ) was observed before the meridian, on the Eastern side. On April 2, the seeing was excellent, the vibrations inherent to the SOAR telescope were absent, and we obtained good data on the 52 brightest targets with V < 15.5 mag. As these observations were exploratory, we took for each target only two data cubes: one with the standard 200×200 pixel (3.
′′ 15 size) format and 50 ms exposure time, another with the extended 400×400 pixel size, 2×2 detector binning, and a longer exposure of 100 ms. This second data cube would detect fainter companions at separations up to 3 ′′ (which are rare in this sample). All data were taken with the I filter (824/170 nm bandwidth).
On 2018 May 26, the seeing was not so good. We pursued the project by observing 32 targets down to V = 16 mag. Fainter magnitudes and worse seeing degraded the sensitivity, and we had to use the long exposure time of 50 ms and the 2×2 binning. For each target, two 200×200 (narrow-field) data cubes were taken, so we could miss companions wider than 1.
′′ 5. The resolution was somewhat worse than on the first night, so we could have also missed some close pairs.
The last observing run on June 25 had an average seeing. We took data in the standard mode (without binning) for targets brighter than I = 12 mag and with 2×2 binning for fainter ones. In this run, we extended the program to multi-periodic stars with I < 10 mag from RSC18, thus hoping to enlarge the number of premain sequence (PMS) binaries suitable for future orbit determination and measurement of masses.
The data cubes were processed in the standard way (Tokovinin 2018) by calculating the power spectra and the associated speckle auto-correlation functions (ACFs). The shift-and-add images centered on the brightest pixel in each frame are produced as well. However, they are useful only for determination of the true quadrant for brighter targets, when the companion is detectable in such images and the magnitude difference exceeds 0.5 mag. Parameters of each resolved binary (position angle, separation, and magnitude difference) are determined by fitting a model to the power spectrum. The pixel scale (0.
′′ 01575) and detector orientation are accurately measured on a set of calibration binaries for each observing run. Figure 1 gives examples of the ACFs for two resolved binaries and two newly discovered triple systems. Table 1 of RSC18 contains 239 multi-periodic stars in USco. The sensitivity of HRcam allowed us to observe only the brightest part of this sample with I < 13 mag and (V − K) 0 < 6 mag, corresponding to spectral types earlier than M5V, approximately. Figure 2 shows the (M V , V − K) CMD for the observed targets. We used the Gaia DR2 (Gaia collaboration 2018) parallaxes (replaced by the average parallax of 7.04 mas if not available) and applied individual de-reddening corrections from RSC18. The full line is a 8 Myr isochrone for solar metallicity from Bressan et al. (2012) , also used by Rebull et al. As all these stars are deemed to be binaries, they should be displaced from the isochrone upwards by as much as 0.75 mag (dashed line). On average, the observed stars are located 0.5 mag above the isochrone, with an rms scatter of 0.7 mag.
Observed sample
The masses of main components were estimated from the de-reddened absolute V magnitudes by assuming the average shift of +0.75 mag above the 8 Myr isochrone. Considering the slope of the isochrone and the scatter, the errors of the estimated masses are ∼0.1 M ⊙ . Al- though these masses depend on the model isochrones and assumed age and hence could be biased, they are useful for relative ranking of our objects in mass. The masses range from 0.25 to 3 M ⊙ ; the median mass is 0.63 M ⊙ . The colors (V − K) 0 > 3 mag correspond to spectral types later than K5V, but these PMS stars will have somewhat earlier spectral types when they arrive on the main sequence. Table 1 lists the 129 observed stars, identified by their EPIC numbers in column (1) and J2000 coordinates in columns (2) and (3). In columns (4) and (5) we give the I C magnitude and the (V − K) color (without reddening correction), as determined by RSC18. Column (6) contains the Gaia DR2 (Gaia collaboration 2018) parallaxes, where available. The separations and magnitude differences of resolved pairs are listed in columns (7) and (8), respectively. Column (8) gives the primary mass estimated from the isochrone. The notes in column (9) are explained below.
We matched the targets to the Gaia DR2 within 6 ′′ radius to get their parallaxes. These are missing only for 28 stars. All these 28 stars are binaries with separations from 0.
′′ 11 to 0. ′′ 84, where the resolved nature of the source was apparently detected by Gaia and prevented parallax measurement. Closer binaries are unresolved by Gaia and treated there as single stars, while components of wider binaries have separate entries in DR2, allowing us to compute their relative positions and magnitdue differences. Gaia measured nine pairs wider than 0.
′′ 8, also measured here. The agreement between Gaia and HRcam astrometry of common pairs is very good. Three targets (EPIC 204179058, 204603210, 203649927) have additional Gaia companions with matching parallaxes and proper motions (marked G+ in Table 1 ) at separations of 3.
′′ 76, 5. ′′ 52, and 2. ′′ 06, respectively. The first two stars also have close companions, so these systems are in fact triple. These additional Gaia companions are faint and fall outside the 4 ′′ Kepler pixels, explaining why only double periods were detected for these stars by RSC18. The first one, EPIC 204179058, is flagged by RSC18 as potentially disk-bearing. EPIC 204248842 has a Gaia source at 1.
′′ 2 separation with a large magnitude difference of ∆G = 5.1 mag and unknown parallax; we have not detected this companion with HRcam and consider it optical or spurious. Finally, two objects (EPIC 204878974 and 20408292) have parallaxes of 11 mas, challenging their membership in USco; however, both are 0.
′′ 1 binaries unresolved by Gaia, hence these parallaxes are likely biased. The Gaia astrometry confirms membership of all our targets in the USco association.
The sample was created regardless of known binaries listed in the Washington Double Star Catalog, WDS (Mason et al. 2001) . In fact, 16 resolved targets are previously known binaries (marked by W in the notes). One previously known binariy from this sample was not detected by us, being too close (EPIC 204436170, WDS J16000−2221, KSA 122, 0.
′′ 025); two more (EPIC 204175508 = J15553−2322 = KOH 25 and 203771564 = J16164−2459 = KOU 59) with separations on the order of 1 ′′ are not confirmed either by us or by Gaia, being apparently spurious (marked W?). Overall, we resolved 57 new pairs (counting each subsystem in triples separately); the total number of resolved pairs in our sample stands at 70. The other symbols in the notes are Ttriple, D or D? -star with disk according to RSC18, 3 or 4 -number of periods detected, if more than two. Figure 3 plots magnitude difference ∆I vs. separation to characterize the limits of our observations. Small separations and moderate ∆I dominate, with a sharp cutoff below the resolution limit of 0.
′′ 04. The plot hints that there are many even closer, unresolved binaries in our sample. On the other hand, only 4 pairs out of 70 have separations above 1.
′′ 5, exceeding the maximum detectable separation in the narrow-field data cubes. All these (and wider) companions are also resolved by Gaia, so our survey is not impaired by the narrow field size. Moreover, the vast majority of pairs are closer than 1.
′′ 5.
3. RESULTS Table 2 gives measurements of resolved pairs. Its first column has the WDS-style code based on the J2000 coordinates. For previously known pairs, their WDS discoverer codes are given in column (2), while column (3) gives the EPIC numbers. Then follow the date of observation (4), position angle (5), and the measurement error in tangential direction σ θ in mas (6). Columns (7) and (8) give the separation and its error, respectively. The last column (9) gives ∆I to within 0.1 mag, which is the minimum error of differential speckle photometry. The flags in this column mean noisy data (:), alternative photometry of wider pairs (*), and quadrant identification (q).
Astrometry
For nine resolved pairs, Gaia DR2 astrometry gives relative positions and magnitude differences in the G band (flag G in Table 1 ). We include those data in Table 2, with the epoch of 2015.5 and the flag G in the last column. The Gaia results give independent test of our measurements. We also include positions of three wide G+ physical companions with discovery code 'Gaia'. Figure 4 . Contours of the likelihood function for objects with masses < 1M⊙ in the (x0, σ) plane that correspond to the significance levels of 68% and 90%.
Distribution of separations
Distribution of periods or separations of low-mass binaries is frequently approximated by a log-normal function. Let x = log 10 ρ be the decimal logarithm of the separation ρ. The log-normal distribution f (x),
has three parameters: multiplicity fraction ǫ, median separation x 0 , and the logarithmic dispersion σ. These parameters were determined by the maximum likelihood (ML) method (see for example the Appendix of Tokovinin 2014). We assume the detection probability that rises linearly in the separation range from 0. ′′ 04 to 0.
′′ 07 (inspired by the sharpness of the cutoff in Figure. 3) and equals one for separations ρ < 3 ′′ (binaries with larger separations are ignored). For stars with several companions, we use the smallest separation from the primary component (separation between A and B in triple systems like A-BC and AB-C). The derived separation distribution characterizes all companions regardless of magnitude difference ∆I. As tight pairs with large ∆I can be missed (see Figure 3) , the distribution can be biased to larger separations.
The first parameter, multiplicity fraction, is naturally restricted to the range 0 < ǫ < 1. The ML fitting leads to ǫ = 1 (i.e. all targets are binary). The two remaining free parameters, x 0 and σ, are slightly correlated, as shown in Figure 4 .
The results of parameter-fitting for sub-samples in selected ranges of mass are given in Table 3 . Its first column gives the mass range, the second column is the median mass in this range. Then follow the total number of observed targets and the number of resolved binaries (ignoring pairs with ρ > 3 ′′ ). The remaining columns give the best-fit parameters x 0 and σ and their formal errors corresponding to 68% confidence intervals ("1 σ"). FigFigure 5 . Cumulative distribution of projected separations (squares) and its log-normal model (line) for 95 binaries less massive than 1 M⊙. ure 5 shows the cumulative distribution of projected separations for the < 1M ⊙ sub-sample and its ML model. At the smallest separations, the distribution is shaped by the detection limit (note the initial quadratic rise).
The log-normal model fits the data quite well. We see that the log-normal distributions approximating the full sample and its sub-groups are mutually consistent, showing robustness of the result. The raw fraction of resolved binaries is always close to 2/3 and the derived multiplicity fraction is always ǫ = 1 (the 68% confidence lower limits of ǫ are given in Table 3 ). Only massive targets with M > 1M ⊙ stand apart by the low fraction of resolved binaries, 0.26. The ML fitting for this group does not yield meaningful parameters owing to the small number of binaries. We do not discuss these stars further and focus only on 95 targets with M < 1M ⊙ .
Assuming the distance of 140 pc, the median separation is 11.6 au (x 0 = 1.07 au). The logarithmic dispersion is 0.6 dex. Both parameters do not vary significantly between the low-and high-mass parts of the sample. We caution that the formal errors of the log-normal parameters are meaningful only when the true distribution is indeed log-normal.
Let us compare the log-normal separation distribution found here with prior knowledge on the statistics of lowmass binaries. Janson et al. (2012) surveyed early Mtype dwarfs in the solar neighborhood and found that their semimajor axes match the log-normal distribution with x 0 = 1.2 au and σ = 0.8 dex. This team also observed dwarfs of spectral types later than M5V in the field (Janson et al. 2014) and derived the more compact distribution shifted to smaller separations: x 0 = 0.78 au and σ = 0.47 dex. On the other hand, solar-mass binaries in the field have a larger median separation x 0 = 1.7 au and a larger dispersion σ = 1.32 dex (Tokovinin 2014) .
The multi-periodic stars in USco observed here have separation distribution similar to that of field M dwarfs. However, the trend of decreasing median separation and dispersion with decreasing mass, observed in the field, is not found in this sample; the distribution of binary separations in USco appears to be independent of mass in the range from 0.3 to 1 M ⊙ .
New triple stars
The lower panels of Figure 1 illustrate new triple systems discovered in this program. The first one, EPIC 20429883, is listed in WDS as J16093−2222 or WSI 130, but only as a 1 ′′ binary. Its discovery in 2010 was announced recently by Mason et al. (2018) . We detected the inner close pair Aa,Ab composed of two equal stars, while the previously known distant companion B is substantially fainter, hence less massive. Interestingly, RSC18 found 4 distinct photometric periods for this star. It was observed at SOAR in 2015.3, but the triple nature was overlooked at the time. We include the 2015 measures in Table 2 . The inner pair Aa,Ab turned by 10
• in 3 years. Another triple star EPIC 202947197 (J16138−2748) was discovered in June. A 0.
′′ 06 pair of faint stars B and C is located at 0.
′′ 36 from the main star A, which has a relatively large mass of 1.5 M ⊙ . RSC18 suspected a disk and detected 4 photometric periods.
The third triple system EPIC 203111867 (J16240−2736) is a new discovery made in April and confirmed by reobservation in May. Here, the close 0.
′′ 14 pair B,C orbits the central star A at 0.
′′ 44. Note that the ratio of separations is small, only 3.1. So, this young triple system could be dynamically unstable, unless comparable separations result from projection on the sky and the real ratio is larger. RSC18 detected only two periods.
Our sample contains at least two unresolved compact triple systems. One of those, EPIC 204506077 (HD 144548), is a triply eclipsing system with periods of 33.9 and 1.63 day (Alonso et al. 2015) . The directly measured mass of the primary star, 1.44 M ⊙ , compares well with 1.67 M ⊙ estimated here from the isochrone. Another triple is EPIC 203476597, where David et al. (2016) found a 1.4 day eclipsing binary accompanied by a more massive star. For both triples, RSC18 detected only two photometric periods.
There are triple systems with outer companions outside the survey radius of 3 ′′ listed in the WDS (EPIC 204844509 and 203937317) and three new triple systems with wide companions found by Gaia (EPIC 204179058, 204637622, and 204649937) . For several other objects in Table 1 , RSC18 found three or four distinct photometric periods that could be produced by additional stars in the systems.
Orbits and masses
With a separation of 10 au and a mass sum of 1 M ⊙ , the orbital period of a typical binary is around 30 years. We note that the positions of some previously known close binaries re-discovered here differ from the published measures, owing to their orbital motion. One of the brightest pairs in our sample, EPIC 204862109 (WDS J16038-2032, KOH 70), has 3 prior measures dating back to 1994 and shows considerable orbital motion. Combining these data with our own measures, we computed a tentative orbit shown in Figure 6 . Its elements are: P = 52.6 year, T 0 = 2006.3, e = 0.3, a = 0.
′′ 116, Ω = 147.
• 6, ω = 127.
• 5, and i = 136.
• 4. Us-ing the DR2 parallax of 6.59±0.22 mas, we compute the mass sum of 1.7 M ⊙ . Considering potential bias of the DR2 parallax (its large error is likely caused by binarity) and the intrinsic uncertainty of masses derived from the isochrones, the estimated mass sum of 1.5 M ⊙ matches quite well the mass derived from the orbit. Further monitoring of the orbital motion and a better parallax measurement from forthcoming Gaia data releases will result in accurate masses that will help to calibrate evolutionary tracks of young stars. We expect that future Gaia data releases will detect acceleration of these stars (including closer binaries that are not resolved here). New close pairs discovered here are amenable to orbit determination if their motion is monitored in the future.
DISCUSSION
The large number of newly resolved binaries appears somewhat surprising, considering that USco has received considerable attention from this perspective. The pioneering work by Koehler et al. (2000) surveyed 118 stars in USco with an angular resolution of 0.
′′ 13 and revealed many binaries (hence the discoverer codes KOH in WDS). Kraus & Hillenbrand (2007) used seeinglimited 2MASS imagery (see also the follow-up work by Aller et al. 2013) . Kraus et al. (2008) explored USco stars brighter than R = 14 mag and north of −25
• with high-contrast aperture masking, excluding known binaries, while Kraus & Hillenbrand (2012) used laser adaptive optics to probe binarity of the 78 lowest-mass members of USco. Janson et al. (2013) and Lafrenière et al. (2014) observed members of USco not covered by previous high-resolution imaging.
These high-resolution studies involved modest samples and did not cover the complete USco association. As most low-mass stars are single, a sample of ∼100 targets yields only ∼20 binaries. In contrast, we start here with multi-periodic stars selected from the large parent sample. Our targets are from the outset expected to be binaries with components of comparable flux. This preselection ensures the large fraction of resolved binaries we found. With only a few hours of telescope time, we could substantially enlarge the number of known binaries among low-mass members of USco. Many new tight pairs have short periods and are an excellent material for future calibration of PMS stellar evolutionary models.
It will be interesting to test binarity of unresolved multi-periodic targets using either a higher spatial resolution and/or a high-resolution spectroscopy. Both approaches involve large telescopes, hence pre-selection of unresolved targets from this study would be a valuable starting point allowing to save telescope time. We expect that Gaia will resolve many of these stars, will detect their accelerations, and will determine astrometric orbits of the closest and fastest pairs. Lunar occultations is another potentially interesting method of probing binarity in USco, although it is applicable only to relatively bright stars.
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